Nonmonotonic Temperature Dependence of the 
Thermal Hall Angle of a YBa2Cu306.95 Single 

Crystal 

R. Ocana, A. Taldenkov^, P. Esquinazi, and Y. Kopelevich* 

Department of Superconductivity and Magnetism, Institut fiir Experimentelle 
Physik II, Universitdt Leipzig, Linnestr. 5, D- 04-1 03 Leipzig, Germany 



We have performed high-resolution measurements of the magnetic field 
(0 T < B < 9 T) and temperature (10 K < T < UQ K) dependence 
of the longitudinal and transverse Hall thermal conductivity of a twinned 
YBa2 Cu3 06.95 single crystal. We have used and compared two recently pub- 
lished methods to extract the thermal Hall angle 6h{T,B). Our results indi- 
cate that coi{6H) varies quite accurately as in the intermediate temper- 
ature range ~ 0.3 < T /Tc- It shows a well defined minimum at Tm ~ 20 
which resembles that observed in the c-axis microwave conductivity. The 
electronic part of the longitudinal and the transverse thermal conductivity 
show the scaling behavior for transport properties predicted for d-wave su- 
perconductors in the temperature range ^ IS K <T <'iQ K. 
PA CS numbers: 74 . 25. Fy, 74 . 72. Bk, 72. 1 5. He 



1. Introduction 

A characteristic feature of the high- Tc superconductors (HTS) is the 
temperature dependence of the normal state Hah angle tan(0/^) which 
has been explained by Anderson within the framework of the Luttinger liq- 
uid theoryB Recently performed thermal Hall conductivity measurements 
on YBa2Cu303; (Y123) single crystals nLT < Tc suggest that such a be- 
havior would extend down to ~ 50 K.Bu Obviously the T"^ dependence 
cannot continue to arbitrarily low temperatures since it would imply an in- 
finite scattering time or mean free path for the quasiparticles. Nevertheless, 
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it is unclear from literature which is the temperature dependence of the Hall 
angle below Tc and at which temperature the monotonic temperature depen- 
dence breaks down. Apart from a possible saturation of tan(6'_ff) oc r(T) (an 
effective mean free path of quasiparticles) at low enough temperatures, there 
are at least two more reasons to expect a deviation from a monotonous tem- 
perature dependence at low temperatures. (1) Theory predicts a maximum 
in Oh{T) at low enough temperatures due to a crossover from holon non-drag 
regime to localization.cl (2) Electrical transport measurements performed on 
underdoped YBa2Cu306.63@ and Zn-doped YBa2Cu307_5i crystals as well as 
in Bi2Sr2Ca„_iCu„Oy thin filmg3suggest that the temperature dependence 
of the (electrical) Hall angle ian{9H) oc TH/rriH {th is the Hall scattering 
time and rau the effective mass of the quasiparticles responsible for the Hall 
signal) has a maximum at or near the temperature at which the pseudo- 
gap opens. Experimental evidence accumulated over the last years suggests 
also that the opening of a pseudogap can take place below the supercon- 
ducting transition temperature affecting the electronic properties of HTS,!'^! 
although its nature and its relationship to superconductivity are not yet well 
understood. Whereas the electrical Hall angle can hardly be measured at 
T <C Tc, the thermal transport is suitable for the low temperature studies. 

Below the superconducting critical temperature Tc and decreasing tem- 
perature, the in-plane longitudinal thermal conductivity Kxx in HTS in- 
creases and shows a maximum between 0.3Tc < T < 0.9Tc. This behavior 
is attributed nowadays mainly to the increase of the electronic contribution 
k'^^{T) due to the increase in the quasiparticle-quasiparticle relaxation time 
T. It appears that the increase in r decreasing T overwhelms the decrease of 
the density of quasiparticles due to their condensation in the superconduct- 
ing state. Pioneer work on the thermal conductivity pf XBaaCuaO/ (Y123) 
crystalgl2l as well as thermal Hall effect measurementsO't^'Bu provide strong 
evidence for this interpretation. Regarding the difference between the Hall 
th{T, B) and diagonal t{T, B) relaxation times we note that whereas r shows 
a monotonic enhancement decreasing T below Tc, TH/rriH appears to be un- 
affected by the superconducting transition.0'El 

The difficulty to describe the behavior of the thermal conductivity and 
to obtain from the experimental data the temperature and field dependence 
of the Hall angle resides mainly in the method to separate the electronic 
contribution from the measured total thermal conductivity. This is 
due to the relatively large phonon contribution to the thermal transport in 
HTS. Basically two methods for this separation have been treated in the 
literature. One method is based on a phenomenological description of the 
field denfindence of KxxiT, B), introduced first by Vinen et ahEl and used in 
Refs.tSll§0 to estimate KxxiT)- The other, apparently more elegant method 
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presented by Zeini et al.,i is based on simultaneous measurements of the 
longitudinal and transverse thermal conductivity and the assumption of a 
field independent Hall relaxation time. 

We note that the experimental error of the published data of the ther- 
mal Hall angle leaves its true temperature and field dependence not well 
defined below Tc- In this work we obtain the temperature dependence of 
eH{T,B) down to ~ 10 K using high-resolution experimental data of Kxx 
and Kxy and the two recently proposed separation methods. We will show 
that the ratio mn/TH follows a {T/Tc)^ dependence that agrees with the 
temperature dependence of the scattering rate obtained from longitudinal 
thermal conductivity measurements. 



2. Sample and experimental details 

For the measurements we have used a twinned, nearly optimally doped 
YBa2Cu306.95 single crystal with dimensions (length x width x thick- 
ness) 0.83 X 0.6 X 0.045 mm^ and Tc = 93.4 K. The use of a twinned 
crystal, with twinning planes parallel and perpendicular to the heat cur- 
rent, allows us to apply both separation methods described below, as well as 
to rule out the influence of orthorhombicity on the heat transport proper- 
ties. The temperature and field dependence of Kxx for this crystal have been 
recently measured below and above Tc with a relative accuracy of 1O~^.0 
The transverse thermal conductivity has been determined using the relation 
i^xy = i^xx'^yT/AxT, where AxT is the applied thermal gradient in x direc- 
tion and AyT is perpendicular to it when a magnetic field is applied in the 
z or —z direction (parallel to the c-axis of the crystal). Because of twinning 
we have assumed that Kxx = f^yy The temperature gradients were measured 
with a previously field- and temperature-calibrated type E thermocouples.^ 
Their voltages were measured with a dc picovoltmeter which allowed a res- 
olution of ~ 30 /iK at 100 K (~ 60 at 10 K). The short time (2 h) 
temperature stability of the sample holder was 50 ^K, for more details see 
Refs.00 

In all the temperature range (10 K < T < 140 K) we have ap- 
plied relatively small temperature gradients along the sample, typically 
AxT < 300 mK, in order to diminish smearing effects in the T-dependence 
of the measured properties. Ay{T,B) was determined from the difference 
[Ay{T, B)—Ay(T, —B)]/2 to eliminate offset contributions. The thermal Hall 
effect was measured as a function of temperature at constant B and —B in 
the field-cooled state of the sample in order to rule out pinning effects.£3 
The influence of the pinning of vortices to the Hall effect in the mixed state 
of superconductors should be considered seriously and carefully minimized. 
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specially at low temperatures. El We have checked the results measuring also 
the field dependence of K^y at constant selected temperatures. We have 
obtained very good agreement between both methods. 



3. Results 

Figure || shows the longitudinal Kxx and transverse Kxy thermal conduc- 
tivity as a function of temperature at different constant applied fields. The 
overall T— dependence as well as the absolute value of those properties agree 
well with published results. Prom these data we may obtain th/tuh 
if the electronic contribution k|'^(T) is known since according to the usual 
definition 

tan(6'g) _ eTH _ i^xy 



B ruH Bnfx ' ''"'"^ 

As in Refi our data also show that, in good approximation, d{nxy/B)/dB oc 
duxx/dB in the whole measured temperature range. This fact was used by 
Zeini et al.@ to estimate the Hall relaxation time assuming that Kxy and 
have a similar field dependence, neglecting the field dependence in TnLmH 
or in the rest contribution to the thermal conductivity. Following Ref.l3 for 
a pair of values of field (Bi, Bj) with Bi ^ Bj we can write 

^ - ^ = '-^(^.AB.) - .UB,)) . (2) 

Taking pairs of points at low fields we can also calculate the initial Hall 
slope \\m.B^o Hxy / B . This quantity is depicted in Fig. ^ We note that 
lim^^o f^xy/B increases two orders of magnitude below reaching a maxi- 
mum at 40 K. 

In Fig. ^(a) we show tan(0jy)/B obtained using (||) for two pairs of 
fields and also from a linear regression considering the data at all fields. 
The results in Fig. |3|(a) indicate that Tu/rriH clearly deviates from a 
dependence and shows a maximum at Tm — 20 K. 

The results in Fig. ^(a) also indicate that tan{9H)/B depends slightly on 
the pairs of fields used to compute it and decreases the larger the field of the 
chosen pair. It appears that the values obtained from the linear regression 
would provide tan(^//)/i? at i? — > 0. The Zeini et al. approach is based on 
the assumption of a field independent th/ttih or, in other words, a strictly 
linear field dependence for tan(0/f). Deviation from this assumption can 
be proved using the second separation method0i to obtain Kxx from the 
experimental data. Therefore, we use the second separation method in order 
to show that the temperature dependence of tan (6'//) at low enough fields is 
independent of the assumption of a field independent th / mu ■ 
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Fig. 1. Longitudinal (upper figure) and transverse (lower figure) ther- 
mal conductivity as a function of temperature at constant applied fields. 
The curves in the upper figure (from top to bottom) were obtained at 
B = 0, 1, 2, 4, 6, 8, 9 T. The close symbols represent the phonon or rest con- 
tribution to the total thermal conductivity. 



R. Ocana et al. 



0.100 



E 



cn 



CD 0.010 



0.001 




20 40 60 

Temperature T(K) 



00 



Fig. 2. Initial Hall slope liuiB^o Kxy/B as a function of temperature. 

As it was shown recently ,0 in agreement with Ref. 3, the field depen- 
dence of Kxx (for i?||c-axis) at all temperatures below Tc can be very well 
fitted assuming 



iT) + 



(3) 



l + /3e(T)S' 

where f3e{T) is proportional to the zero- field electronki mean- free-path (or 
the longitudinal relaxation time) of the quasiparticlesJilfH^ Fitting the field 
dependence of Kxx{B) at different constant temperatures we can separate the 
electronic contribution and calculate tan(0/^) /B as a function of temperature 
at different applied fields. These results are shown in Fig. |3|(b). At low fields, 
the temperature dependence of ta.n(6f{)/B resembles that obtained with 
the other separation method, specially the maximum at ~ 20 K, compare 
Figs, ^(a) and (b). We see also clearly that tan(6H)/ B decreases with field 
in the whole temperature range below Tc. Note that at high enough fields 
the maximum at T ~ 20 K vanishes. Our data agree reasonably well with 
those we get using the data from Ref.,0 see Fig. |3|(b). We note that the data 
of Ref.a show a maximum in tan(0//)/i? at T ~ 45 K and at high fields. 

It appears that the results obtained using the Zeini et al. approach! 
are similar to those obtained with the Krishana et al.i for i? — > 0. The 
field dependence of Kxy{B) is given in good approximation by the function 
B I3hBY where [3h(T) is a temperature dependent constant analogous 
to Pe{T), see Eq. (^). Because th/itih oc K^y / {B k'^Ij.) and, in principle, 
PeiT) / (3h{T), the field dependence of Tn/mH can be neglected in the 
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Fig. 3. (a) The ratio tan{6H)/B = eTff/mH {Oh is the Hah angle, e the 
electron charge, and mn the mass of the particles responsible for the Hall 
effect) as a function of temperature obtained assuming a field independent 
th within the approach of Ref. 2, see Eq. (|2|). The three curves are obtained 
averaging the pairs at all measured magnetic fields (•), taking only the values 
at 2 T and 9 T (+), and at 6 T and 8 T (■). The continuous line has a 
dependence, (b) The same as (a) at different applied fields calculated 
using obtained by fitting the field dependence of the longitudinal thermal 
conductivity. (■): Data from (a) averaging all the fields. The three curves 
with points connected by straight lines are taken from Ref. 3 at i? = 2 T 
(+), 6 T (■) and 10 T (O)- The right axis shows the scale of the calculated 
effective mean free path in ^um. 
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Temperature T(K) 

Fig. 4. Temperature dependence of cot(^//) oc tuh/th obtained at B = 2T 
(a) and the c-axis microwave conductivity (Qj right axis) taken from Ref.t3 
Note that the origins of the vertical axes differ. The inset shows the same 
data but as a function of (T/Tc)^. 

Hmit B ^ 0. It seems therefore reasonable that in good approximation both 
approaches provide similar results for the ratio tan{6}{)/B at S — > 0. 

A rough relationship between tan(9j{)/B and the effective mean free 
path of quasiparticles can be obtained if we assume that tan{9}{) ~ = 
eBr/m* ~ eBl/m*vp ~ eBl* /kkp. Here vp and kp are the Fermi velocity 
and wave vector, and m* the effective mass of quasiparticles. Using kp ~ 
0.6 X 10^*^ m^^ we calculate the effective mean free path shown in the right 
axis scale of Fig. ^. 

Figure § shows the temperature dependence of cot(^j/) obtained from 
the data in Fig. |3|(b) at = 2 T. We stress that cot(0//) does not follow the 
dependence observed at higher temperaturesBH and shows a minimum 
at Tjn ~ 20 K. We note further that the measured temperature dependence 
of cot{6}{) shows a striking similarity with that measured for the c-axis 
microwave conductivity obtained at 22 GHz in a Y123 crystal with similar 
see Fig. From Ref.!! we found Tm ^ 45 K (see Fig. 2) suggesting 
that Tm varies from crystal to crystal. A comparison between our results 
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Fig. 5. cot(0j7) oc mu/TH obtained aX B = 2 T (a) (from Fig. ^(b)) and 
averaging all the fields (■) (from Fig. |3|(a) and assuming i? = 1 T) as a 
function of (T/Tc)^. The upper left inset shows the same data at the lowest 
measured temperatures. The straight lines are linear fits taking into account 
all the points for T > Tm- The botton right inset shows the same data but 
in a semilogarithmic scale. 



and those from Ref." indicates that at high enough fields the difference in the 
density of scattering centers between samples does not influence the absolute 
value of Off/B significantly, see Fig. ^. It is clear that to demonstrate the 
possible influence of the sample purity on the mean free path the thermal 
Hall angle should be obtained at the low-field limit. We note also that the 
temperature of the minimum in aic{T) can be shifted from ~20 K to ~40 K 
depending on the crystal.El We will discuss in the next section possible 
origins of the upturn in cot(0//). 

In a recently published paperE3 it was found that the c-axis conductivity 
of the crystal reported in Ref.lii follows approximately a dependence 
below Tc and for T > T^, see inset in Fig. ^. This behavior is shown to 
be con sis tent with an anisotropic interlayer hopping integral.0 The authors 
in RefE3 further show that the observed temperature dependence of the 
c— axis conductivity in the intermediate temperature range should be an 
universal result independent of the scattering rate of quasiparticles. Since 
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cot(^//) is directly proportional to the scattering rate of the quasrparticles 
responsible for the Hall signal and assuming that the result of Ref-cJ is valid, 
it would be rather surprising if both quantities, cot{6H) and dc, show the 
same temperature dependence. In fact, we show in the inset of Fig. ^ that 
cot(0H) does not follow a dependence. Our results show that cot(^H) 
follows quite accurately a dependence above Tm and that this dependence 
is independent of the separation method used, see Fig. ^. The inset at the 
botton of Fig. |5| shows also that cot{9H) does not follow an exponential law, 
exp(T/To), as obtained for the quasiparticle scattering rate from microwave 
surface resistance using different assumptions .cJ To the best of our knowledge 
this is the first time that a clear power-law dependence (T/Tc)^ in a broad 
temperature range is reported for the Hall scattering rate below Tc- This 
result and the minimum at T ~ 20 K are the main messages of the present 
work. 

The temperature dependence of the quasiparticle scattering rate below 
Tc is not known at present. From longitudinal thermal conductivity mea- 
surements and assuming a d— wave pairing Yu et al.ll3 obtained a scattering 
rate that follows roughly a (T/Tc)^ dependence in agreement with our result. 
On the other hand, since quasiparticle-quasiparticle scattering is the domi- 
nant temperature dependent scattering mechanism in our sample, we expect 
a scattering rate proportional to the density of quasiparticles. In the simple 
two-fluid model and for an isotropic order parameter we expect a density of 
quasiparticles proportional to (T/Tc)^.E2l 



4. Discussion 

In this section we restrict ourselves to discuss the nonmonotonic behav- 
ior obtained for the Hall angle and its scaling properties. Note first that 
a simple background scattering contribution to the effective quasiparticle 
mean free path should saturate l*(T) at low enough temperatures. However, 
that tan{6H)/B shows a nonmonotonic temperature dependence is a non- 
trivial result not yet clearly reported in the literature. The reason for this 
temperature dependence is not known at present. Whatever its origin, the 
results indicate that some additional scattering, change in the quasiparticle 
density and/or a change in the effective mass takes place below ~ 20 K in our 
sample. It would be interesting to see whether our results follow the scaling 
relations for transport properties of d-wave superconductors proposed in the 
last few years and whether this additional scattering/quasiparticle density 
or effective mass change has some effect or not. 

Volovik and KopninU'El showed that in unconventional superconductors 
and because of the presence of low energy excitations associated with the 
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gap nodes, at low temperatures and low fields (T <^ T^B <^ Bc2) the 
thermodynamic and transport properties are dominated by the influence of 
the Doppler shift on the excitation spectrum of the quasiparticles due to the 
supercurrents flowing around the vortex cores. Simon and Leec3 predicted 
a scaling function with only one dimensionless parameter at temperatures 
below ~ 30 K such that for the heat capacity C(T, B)/T'^ oc f{x) and the 
Hall component of the thermal conductivity K^y/T"^ oc fxy{x) with x = 
(x\fB jT . The function / and fxy are universal functions. The coefficient a 
should be equal to T^j^fB^ according to Refs.il0 to preserve the correct 
predicted regimes. Scaling relations can only be extrapolated to the Hall 
(off-diagonal) component of the thermal conductivity tensor because only 
this component is electronic in origin. In principle, this picture may also be 
valid for systems with a 3D order parameter with line nodes such as in UPts 
as has been shown experimentally.c2 For Y123 crystals the scaling model 
predicts two changes of regime at the following points: (1) at x\ ~ Ep/Tc 
(i.e. at ^/B/T ~ 2.18 Tesla^/^/K) where the discreteness of the fermion 
bound states in the vortex becomes important (the quasiclassical approach 
does not hold longer) and (2) at 2:2 ~ 1 (i.e. at \fB/T ~ 0.068 Tesla^/^/K) 
where the single vortex contribution is comparable to the bulk contribution 
per one vortex.ii'0 

In Fig. ^(a) and (b) we plot our results following the scaling relation. 
The points between ~ 18 K and ~ 30 K collapse roughly onto a common 
curve. A clear deviation for this scaling is observed below 18 K. We note 
that the predicted crossover at xa ~ _L is well reproduced by the data. On 
the other hand, Hirschfeld et al.E3'E3'E2l showed that when one treats trans- 
port quantities, an exact one-parameter scaling is not necessarily obtained. 
In fact the account for an impuriy bandwith destroys the scaling proper- 
ties and a plot of Hxy/T'^ versus the scaling variable x would only yield 
an approximate scaling in the best case. Either when the impurity band 
width becomes comparable to the magnetic energy or the temperature or 
the impurity relaxation rate becomes comparable to the vortex relaxation 
or inelastic collision rate, scaling should completely break down. This was 
also pointed out by Won and MakE3 although in this work the scaling law 
is recovered in the superclean limit (T/A ^ B/Bc2 ^ l,r is scattering rate 
due to impurities in h units). In the clean limit {B/Bc2 <C T/A <C 1) it 
was shown that the scaling properties break down again. If the used sepa- 
ration procedure to obtain the electronic longitudinal thermal conductivity 
is really working properly, it should show the same scaling properties as the 
Hall conductivity. According to Ref£3 the electronic thermal conductivity 
K^'j, should show a scaling of the form k'^^xI'^ oc fxx{x) with x oc y/B/T. The 
results in Fig. |^ indicate that k^'^, shows the same scaling properties as Kxy 
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Fig. 6. Hall thermal conductivity divided by the square of the temperature 
as a function of the scaling variable B^^'^/T at different fixed temperatures: 
(a): 18 K < r < 85 K; (b): 12 K < T < 32 K. 
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Fig. 7. Longitudinal electronic thermal conductivity divided by the temper- 
ature as a function of the scaling variable B^/"^ /T at different fixed temper- 



atures. At 18 K < T < 32 K k^J:^ shows the predicted scaling behavior. 



in the same temperature range. 

In conclusion, we think that our results for the electronic part of the 
longitudinal and the Hall component of the thermal conductivity on a Y123 
crystal do show a convincing scaling in a restricted temperature range only. 
While the experimental points between 30 K and 18 K collapse roughly onto 
a common curve, the ones below and above this range spread out. This 
result partially contradicts the experimental results shown in Ref.il since in 
that work no data were taken below 20 K. On the other hand the picture 
of an approximate scaling proposed first by Kiibert and Hirschfeldc3 and 
later by Won and MakiH appears to be consistent with our experimental 
data implying that an additional scattering/quasiparticle density or effective 
mass change should be taken into account for the calculation of transport 
properties on these systems. 

The observed upturnin the c-axis conductivity at ^ 20 K, see Fig.|^, 
is not yet understood.Ej'c3 Because the c-axis conductivity decreases with 
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temperature at T < it seems reasonable to conclude that the accompa- 
nied anomaly in Oh{T) is not related to the crossover from holon non-drag 
to a localization regime.Q Experimental results indicate that below Tc the 
c-axis conductivity shows a clearly different behavior as the o6-plane con- 
ductivity, an experirnental fact used as evidence for incoherent transport 
between Cu02 planes.Ej Anossible crossover to coherent transport at T^yi is, 
however, not yet clarified.ij loffe and MillisEl pointed out that the c— axis 
conductivity involves mainly the scattering mechanism of electrons within a 
Cu02 plane. From this point of view appears reasonable to search for a com- 
mon origin of the anomaly at Tm observed in the c— axis conductivity and 
the Hall signal. However, this appears to be in contradiction to the different 
behavior of the electrical transport properties cited above. This apparently 
contradictory behavior may be related to the influence of the interlayer hop- 
ping integral on the c— axis transport properties. According to Xiang and 
Hardyc3 the anisotropy of this hopping integral affects in such a way the 
c— axis conductivity that it does not depend on the quasiparticle scattering 
rate and an universal dependence below Tc is obtained in agreement with 
the experimental results. nnn 

Electrical Hall angle measurements in different HTSBQ'LI show a clear 
minimum in cot(0//) above Tc which has been identified as the opening of 
the pseudogap. Therefore, we may speculate that this opening occurs at 
Tjn where cot(0j^) shows a clear minimum, see Fig. ^ We note that the 
opening of a pseudogap below Tc in Y123 HTS appears to be supported by 
different experimental results.H Supporting such a scenario, the opening of 
a charge density wave gap at T < 35 K has recently been reported for Y123 
crystal with Tc ~ 90 K£3 Does the opening of a pseudogap influence the 
scattering rate or the effective mass mn ? Since in a simple picture 
one expects the decrease of the scattering rate when the pseudogap opens, 
it has been suggested that the pseudogap affects cot(^iy) through a change 
in the effective mass which may be related to a modification in the Fermi 
surface topology.! The correlation between Hall angle and c-axis conductivity 
shown in the present work would suggest that the pseudogap influences the 
c-axis conductivity as well. If the scattering rate independence of the c— axis 
conductivityE3 would remain valid at and below T^, the correlation implies 
that the a similar mechanism that changes the effective mass at Tm would 
be responsible for the upturn in the c-axis conductivity. We note, however, 
that experimental results in Bi2Sr2CaCu208 HTS indicate that the openine 
of the pseudogap reduces the c— axis conductivity in the normal state.E3 
Future experiments should clarify if this behavior is also observed in Y123 
HTS and below Tc. 
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5. Conclusion 



In summary, we have measured the longitudinal and transverse ther- 
mal conductivity of a twinned and nearly optimally doped Y123 crystal as 
a function of temperature at different applied fields. We have used two dif- 
ferent approaches to derive the temperature dependence of the Hall angle. 
Independently of the approach, we observe that cot(^i/) does not follow a 
dependence but a dependence at T/Tc >~ 0.3, reaching a minimum at 
T ~ 20 K. The dependence agrees with the dependence of the scattering 
rate obtained from longitudinal conductivity measurements .0 The anomaly 
of cot{6H) observed at 20 K resembles that of the c-axis conductivity of a 
optimally doped crystal with sindlar Tc. Based on the proved sensitivity of 
the Hall angle to the pseudogapBSQ we may speculate that this behavior 
reflects the opening of the pseudogap at temperatures much below Tc. We 
showed also that the electronic longitudinal and the thermal Hall conduc- 
tivity show a scaling only in a restricted temperature range. This scaling 
breaks down at temperatures T < 18 K, where the Hall angle changes its 
behavior, and at T > 30 K. 



ACKNOWLEDGMENTS 

We are specially grateful to B. Zeini, W. Hardy, A. G. Gaicochea, J. 
Kirtley, K. Maki, A. Freimuth, Yu. Pogorelov, M. Ramos and S. Vieira for in- 
formative discussions. This work is supported by the Deutsche Forschungsge- 
meinschaft under DFG Es 86/4-3 and was partially supported by the DAAD. 



REFERENCES 

[f] Present address: Institute of Molecular Physics, Russian Reserach Centre "Kur- 

chatov Institute" , 123182 Moscow, Russia. 
[*] On leave from Institute de Fisica, Unicamp, 13083-970 Campinas, Sao Paulo, 

Brasil. 

1. P. W. Anderson, Phys. Rev. Lett. 67, 2092 (1991) 

2. B. Zeini et al., Phys. Rev. Lett. 82, 2175 (1999). 

3. K. Krishana et al., Phys. Rev. Lett. 82, 5108 (1999). 

4. P. W. Anderson, T. V. Ramakrishnan, S. Strong, and D. G. Clarke, Phys. Rev. 
Lett. 77, 4241 (1996). 

5. Z. Xu, Y. Zhang, and N. P. Ong, cond-ma t/9903123| (unpublished). 



6. Y. Abe, K. Segawa, and Y. Ando, Phys. Rev. B 60, R15055 (1999). 

7. Z. Konstantinovic, Z. Z. Li and H. Raffy, Phys. Rev. B 62, R11989 (2000). 
See, for example, the recently published review by J. L. Tallon et al., phys. stat. 
soL (b) 215, 531 (1999). 

B. Batlogg and V. J. Emery, Nature 382, 20 (1996). 



R. Ocana et al. 



10. R. C. Yu, M. B. Salamon, J. P. Lu, and W. C. Lee, Phys. Rev. Lett. 69, 1431 
(1992). 

11. K. Krishana, J. M. Harris, and N. P. Ong, Phys. Rev. Lett. 75, 3529 (1995). 

12. J. Harris, K. Krishana, N. Ong, R. Gagnon, and L. Taillefer, J. Low Temp. 
Phys. 105, 877 (1996). 

13. W. Vincn, E. Forgan, C. Cough, and M. Hood, Physica 55, 94 (1971). 

14. Yu. Pogorelov, M. Arranz, R. ViUar, and S. Vieira, Phys. Rev. B 51, 15474 
(1995). 

15. F. Yu, V. Kopylov, M. Salamon, N. Kolesnikov, M. Hubbard, H. Duan, and A. 
Hermann, Physica C 267, 308 (1996). 

16. A. Taldenkov, P. Esquinazi, and K. Leicht, J. Low Temp. Phys 115, 15 (1999). 

17. A. Inyushkin, K. Leicht, and P. Esquinazi, Cryogenics 38, 299 (1998). 

18. The influence of pinning on the Hall angle has been studied in conventional 
superconductors, see J. le G. Gilchrist and J-C. Vallier, Phys. Rev. B 3, 3878 
(1971). 

19. A. Hosseini, S. Kamal, D. Bonn, R. Liang, and W. Hardy, Phys. Rev. Lett. 81, 
1298 (1998). 

20. T. Xiang and W. N. Hardy, Phys. Rev. B 63, 024506 (2000). 

21. D. A. Bonn et al., Phys. Rev. B 47, 11314 (1993). 

22. M. Tinkham, Introduction to Superconductivity, McGraw-Hill, New York (1996). 

23. G.E. Volovik, JETP Lett. 58, 6 (1993). 

24. N.B. Kopnin, G.E. Volovik, JETP Lett. 64, 690 (1996). 

25. S.H. Simon and P.H. Lee, Phys. Rev, Lett. 78, 1548 (1997). 

26. G.E Volovik and N.B. Kopnin, Phys. Rev, Lett. 78, 5028 (1997). 

27. S.H. Simon and P.H. Lee, Phys. Rev, Lett. 78, 5029 (1997). 

28. H. Suderow et al., Phys. Rev, Lett. 80, 165 (1998). 

29. C. Kiibert and P.J. Hirschfcld, Phys. Rev, Lett. 80, 4963 (1998). 

30. C. Kabert and P.J. Hirschfcld, Soli d State Commun. 105, 459 (1998). 

31. P.J. Hirschfcld, |cond-mat/9809092[ 

32. H. Won and K. Maki, 3ond-ma t/0004105| . 

33. L. B. loffe and A. J. MiUis, Phys. Rev. B 61, 9077 (2000). 

34. S. Kramer and M. Mehring, Phys. Rev. Lett. 83, 396 (1999). 

35. Yu. I. Latyshev et al., Phys. Rev. Lett. 82, 5345 (1999). 



